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Obesity and related metabolic disorders have reached global epidemic proportions
in recent decades. Excess and hypertrophic adipose tissue has been implicated in the
development of various pathological diseases and disorders including Type-2 diabetes
mellitus (Type-2 DM). In addition to serving as energy storage for the body, evidence
also suggests that adipose tissue behaves as an endocrine organ capable of secreting
bioactive cytokines known as adipokines, which mediate insulin signaling pathways in
various tissues. Physical exercise has been demonstrated to positively affect insulin
signaling activities potentially through increasing the secretion of insulin sensitizing
adipokines and/or decreasing the secretion of pro-inflammatory insulin desensitizing
adipokines. However, cellular and molecular level mechanisms governing the exercise
control of circulating adipokine secretion and its control of insulin signaling are not
known. In this study, with the assumption that adipose tissue can be mechanically
responsive (as is the case for well-known musculoskeletal tissues), we hypothesized that
mechanical loading applied to the adipose tissue and its component cells, such as
adipocytes, may play a role in the exercise control of insulin sensitivity. As a proof-ofconcept test, we applied cyclic stretch loading to the adipocyte model, differentiated
adipocytes from 3T3-L1 preadipocytes, and evaluated stretch-induced activation of key
insulin signaling molecules. Cells were differentiated on the stretchable membrane and
then exposed to cyclic equibiaxial stretching using the Flexcell FX-5000 device at a

frequency of 1 Hz and a strain of 5% for 2 h. It was observed that expressions of insulin
receptor substrate-1 (IRS-1) and glucose transport-4 (GLUT4) were less influenced by
stretch under the given conditions. On the other hand, interestingly, one of the key
downstream insulin signaling molecules, protein kinase-B (PKB, or Akt) and its
phosphorylation (pAkt) were significantly increased for cyclically stretched adipocytes
relative to unstretched control. Moreover, cyclic stretch upregulated the phosphorylation
of 5’-AMP-activated protein kinase (pAMPK). Combined data may suggest that
mechanical stretch activates the insulin signaling pathway downstream of IRS-1, and
possibly by the phosphorylation of Akt through AMPK activation. Since it is known that
adipokines such as leptin and adiponectin can instigate their insulin signaling sensitizing
effect via AMPK and Akt, we propose a mechanism that mechanical stretching of
adipocytes may induce the secretion of insulin sensitizing adipokines like leptin and/or
adiponectin, which in turn activates AMPK and Akt phosphorylation and, ultimately,
improves insulin signaling in the adipose tissue.
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CHAPTER 1: INTRODUCTION
This chapter incorporates material from the following published literature review:
Bouzid T, Hamel FG, Lim JY (2016) Role of adipokines in controlling insulin signaling
pathways in type-2 diabetes and obesity. Current and future perspectives." Int J Diabetes
Res 5(4): 75-85.

1.1. Motivation
Obesity and related metabolic disorders have reached global epidemic proportions
in recent decades, having more than doubled since 1980 (World Health Organization
[WHO], 2017). In 2014, more than 1.9 billion adults over the age of 18 were overweight,
and over 600 million of these were obese. Obesity greatly increases the risk for the
development of numerous pathological diseases and disorders, including cardiovascular
disease, type 2 diabetes mellitus (Type-2 DM), musculoskeletal disorders, and some
cancers (WHO, 2017). Recently, more focus has been placed on non-pharmacological
therapies for non-communicable diseases such as Type-2 DM, which may include
lifestyle and dietary changes. Thus, discovering and investigating different approaches to
reverse insulin insensitivity, like through exercise or physical therapy, would provide
opportunities to incorporate such non-pharmacological therapies into the daily life of a
Type-2 DM patient.
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1.2. Obesity and Type-2 Diabetes
Type-2 DM, or noninsulin-dependent insulin diabetes, is characterized by
peripheral insulin resistance and is closely related to obesity. Type-2 DM is generally
adult-onset, but due to the increase in childhood obesity, it is becoming much more
prevalent in young people (White, 2003). Furthermore, adipose tissue has been
implicated in the development of Type-2 DM by dysfunctional secretion of cytokines
known as adipokines (Jung and Choi, 2014).

1.2.1. The Insulin Pathway
Insulin initiates a phosphorylation cascade by first binding to the insulin receptor
(IR) located in the plasma membrane. IR is a tetrameric protein consisting of two αβ
dimers linked by disulfide bonds, and alternative exon splicing allows for tissue-specific
synthesis of two IR isoforms with different binding affinities to insulin, IRa and IRb. IR
belongs to a family of tyrosine kinases which includes insulin-like growth factor (IGF)-I
receptor and insulin receptor-related receptor (IRR). IGF-I and IRR are also capable of
forming functional complexes with insulin upon binding (Iliya et al., 2016; Saltiel and
Kahn, 2001; White, 2003).
Insulin binds to IR at the extracellular α-subunit, which then derepresses the
kinase activity of intracellular β-subunit. Conformational change and
transphosphorylation of the β-subunit further increases kinase activity, leading to the
recruitment of intracellular docking proteins such as insulin-receptor-substrate-1(IRS-1),
-2 (IRS-2), Src-homology/collagen (Shc), and growth factor receptor-bound protein 2
(Grb2). The main substrate for IR in adipose and muscle tissues is IRS-1, which once
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phosphorylated, mediates the association with and activation of phosphatidylinositol-3kinase (PI3K) (Hansen and Bray, 2008; Iliya et al., 2016; Saltiel and Kahn, 2001; White,
2003). Serine phosphorylation caused by cytokines and fatty acid metabolites can hinder
IRS-1 signaling (Hansen and Bray, 2008). PI3K catalyzes the formation of
phosphatidylinositol-4,5-biphosphate and phosphatidylinositol-3,4,5-triphosphate (PIP3)
from phosphatidylinositol-4,5-bisphosphate (PIP2). PIP3 recruits protein kinase-B (PKB,
or Akt) by binding to its PH domain. Akt activation results in the translocation of glucose
transporters to the plasma membrane, causing increased glucose uptake by the adipocyte
cell (Copps and White, 2012; Iliya et al., 2016; Saltiel and Kahn, 2001).

1.2.2. Glucose Transport
Glucose transporters (GLUT) are facilitative membrane transporter proteins that
utilize the diffusion gradient of glucose and other sugar molecules across the plasma
membrane. GLUT1 is primarily expressed in the brain, and moderately expressed in
muscle, adipose tissue, and liver (Wood and Trayhurn, 2003). GLUT2, which is important
in the sensing of glucose levels, is predominantly expressed in pancreatic β-cells, liver, and
kidneys. GLUT3 is principally found in the brain, and displays a strong affinity to glucose.
Insulin-responsive GLUT4 is found in heart, skeletal muscle, and adipose tissues. The
insulin-Akt pathway leads to the translocation of GLUT-4-containing vesicles to the
plasma membrane, causing an immediate 10- to 20-fold increase in glucose uptake in liver
(Wood and Trayhurn, 2003). Other metabolic downstream effects of IRS in adipocytes
include diminished fatty acid secretion and regulation of the expression of key adipocyte
differentiation and lipogenesis genes (Jung and Choi, 2014; Saltiel and Kahn, 2001). The
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mitogenic response to insulin is transduced via the mitogen-activated protein kinase
(MAPK) cascade, in which Grb2 interacts with IRS and associates with the guanine
nucleotide exchange factor son-of-sevenless (SOS) (Copps and White, 2012; Iliya et al.,
2016) (Figure 1-1). However, Grb can activate the MAPK pathway independently from
IRS by associating with activated Shc (Iliya et al., 2016). Insulin resistance associated with
type-2 DM is a result of various disturbances in the intracellular signaling cascade
mentioned above. These include reductions in receptor concentration, kinase activity, IRS
phosphorylation, and GLUT transportation.

Figure 1-1. Shown in the figure is the insulin signaling pathway. The two responses instigated by insulin
binding the insulin receptor (IR) includes the mitogenic (cell proliferation and growth) and metabolic
(glucose uptake, protein synthesis, and lipid metabolism) responses (Olivares-Reyes et al., 2009).
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1.3. Role of Adipokines in the Regulation of Insulin Signaling
Although adipose tissue was thought to serve mainly to store energy in the form
of triacylglycerides, numerous studies spanning the last 20 years have provided evidence
that adipose also behaves as an endocrine organ by secreting bioactive cytokines known
as adipokines (Jung and Choi, 2014). Adipokines have been implicated in mediating
insulin signaling pathways in various tissues within the body. The chronic low-grade
inflammation and corresponding increase in macrophage infiltration, characteristics of
obese white adipose tissue (WAT), correlate with increased adipocyte secretion of proinflammatory molecules such as resistin, tumor necrosis factor-α (TNF-α), and
interleukin-6 (IL-6) (Jung and Choi, 2014; Xu et al., 2003). Such molecules impair the
ability of tissues to correctly sense and respond to insulin (i.e., causing insulin resistance)
via various mechanisms that intervene in glucose transport and lipid metabolism.
Conversely, adipocytes are also capable of secreting insulin-sensitizing molecules such as
adiponectin and leptin, which improve the response of tissues to insulin and glucose
(Blüher and Mantzoros, 2015).

1.3.1. Adiponectin
Adiponectin is an adipocyte-specific hormone known to be involved in a variety
of metabolic, anti-inflammatory, and vasoprotective activities (Simpson and Whitehead,
2010). Originally termed Acrp30, adiponectin is also referred to as AdipoQ, apM1
(adipose most abundant gene transcript1), or GBP28 (gelatin-binding protein 28) (Berg et
al., 2001). Adiponectin, the result of apM1 gene, is highly expressed in adipose tissue
with nominal expression in muscle and liver. Adiponectin occurs in circulation in the
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form of three oligomeric complexes for different target tissues and with varying
physiological effects, e.g., trimers (low molecular weight, LMW), hexamers (middle
molecular weight, MMW), and the oligomeric complexes composed of 18 protomers or
more (high molecular weight, HMW) (Simpson and Whitehead, 2010). Adiponectin has
four structural domains, N-terminal peptide, variable region, collagenous domain, and
globular domain that binds to adiponectin receptors (Yamauchi et al., 2003). Upon
cleavage by leukocyte elastase, the globular domain is liberated (Waki et al., 2005).
Then, adiponectin receptors 1 (AdipoR1) and 2 (AdipoR2) serve as receptors for fulllength adiponectin and globular adiponectin, though the affinity may vary, e.g., AdipoR1
showing high affinity for globular adiponectin but very low affinity for full-length
adiponectin (Yamauchi et al., 2003).
The role of adiponectin in hepatic insulin resistance has been extensively tested,
results from which have proposed adiponectin as a potential therapeutic option for
patients with type-2 DM. Studies have reported that adiponectin could suppress glucose
production and increase insulin sensitivity (Baranova et al., 2006; Berg et al., 2001; Fu et
al., 2005, Vrachnis et al., 2012; Yamauchi et al., 2001; Yamauchi et al., 2003).
As Figure 1-2 shows, adipocytes manipulated to overexpress adiponectin or
incubated in adiponectin-conditioned media displayed increased insulin-stimulated
glucose uptake (Fu et al., 2005). In unfed mice, adiponectin could sensitize hepatic
reactivity to insulin by reducing hepatic glucose production and thus serum glucose levels
(Berg et al., 2001). Together, adiponectin can improve insulin sensitivity and has been
proposed to be an effective target for developing anti-diabetic drugs.
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Figure 1-2. Mature adipocytes overexpressing adiponectin or incubated in adiponectin-conditioned
medium (m) enhances their rate of glucose uptake in response to insulin. Means ± SEM from three separate
experiments are shown. **: p < 0.01 for Adiponectin+Insulin vs. Control+Insulin and for Ad(m)+Insulin vs.
Control(m)+Insulin (Fu et al., 2005).

1.3.2. Leptin
The 16 kDa obese (ob) gene product, leptin protein, was discovered to be a
critical regulator of body weight. Named from the Greek root leptόs meaning thin, leptin
increased energy expenditure and reduced food intake in obese mice resulting in a 30%
reduction in body weight over 2 weeks (Halaas et al., 1995). Leptin secreted from
adipocytes have been suggested to have an important role in the regulation of a variety of
body functions such as appetite, satiety, food intake, reproductive function, fertility,
puberty, activity, energy expenditure, and atherogenesis (Fasshauer and Blüher, 2015).
It was shown that the level of circulating leptin increased under increased caloric
intake, and leptin resistance was caused after overfeeding (Wang et al., 2001). The
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infusion of recombinant leptin in voluntarily overfed rats did not alter the contribution of
gluconeogenesis to total glucose output, whereas the infusion nearly doubled it in control
and pair-fed rats (Wang et al., 2001) (Figure 1-3). Among obese humans, the leptin level
strongly correlated with body mass index (BMI) (Zimmet et al., 1996). Moreover, the
correlation between leptin and insulin has been relatively well established to be
dependent on obesity (Dagogo-Jack et al., 1996).

Figure 1-3. In control (A) and pair-fed (B) rats, moderate increases in circulating leptin levels caused a
marked increase in gluconeogenesis relative to total glucose output. In overfed rats (C), increased leptin
levels failed to change the contribution of gluconeogenesis to the total glucose output.
, Lep- ;
, Lep+.
Means ± SEM. *: p < 0.01 between Lep-and Lep+ (Wang et al., 2001).
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On the other hand, some studies reported a correlation less dependent on
measures of obesity. For instance, it was demonstrated for lean rats that hyperinsulinemia
can upregulate obese gene expression and hypoinsulinemia can downregulate it; while in
obese rats, obese gene expression can only be upregulated by hyperinsulinemia (Cusin et
al., 1995). However, treating obese mice with leptin improved overall glucose clearance
even prior to the weight loss (Harris et al., 1998).

1.3.3. Resistin
Named for its ability to induce insulin resistance, resistin was discovered to be
circulating in mouse serum with increased levels in both genetically- and diet-induced
obese mice (Steppan et al., 2001). Interestingly, resistin has become a focus of several
recent studies due to its potential to provide an insight into the possible mechanisms
involved in insulin signaling (Muse et al., 2004). In mice, resistin is secreted from
adipose tissue and acts on skeletal muscle myocytes, hepatocytes, and adipocytes.
Exposure to higher glucose concentrations significantly increased resistin expression in
3T3-L1 adipocytes, while treatment with insulin reduced it (Shojima et al., 2002).
Although the insulin desensitizing effects of resistin in rodents is well
documented, studies investigating the link between resistin and diabetes in humans are
conflicting. Both clinically and experimentally, researchers found little or no relationship
between resistin and insulin resistance. Resistin was expressed in the adipose tissue from
obese patients, while other researchers showed that isolated adipocytes express very low
resistin mRNA levels (Janke et al.2002; McTernan et al., 2002; Nagaev and Smith,
2001). As explained in Ghosh et al. (2003), the inconsistency may be due to the
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differences in the genomic organizations of mouse and human resistin in that human
resistin is only 59% identical to its mouse counterpart at the amino acid level (Ghosh et
al., 2003). On the other hand, resistin was revealed to be relatively more abundant in
peripheral mononuclear cells (Nagaev and Smith, 2001). Thus, the higher levels of
resistin found in the adipose tissue may originate from a greater proportion of
mononuclear cells obtained from patients with severe obesity rather from the adipose cell
itself.

1.3.4. TNF-α
In addition to inflammatory cells such as macrophages and lymphocytes, noninflammatory cells including adipocytes have also been evidenced to express TNF-α
mRNA (Hotamisligil et al., 1993). Thus, as a primary pro-inflammatory cytokine, TNF-α
has been of interest for its possible effects on adipogenesis, lipid metabolism, and insulin
sensitivity.
Numerous studies have established for TNF-α a role to induce insulin resistance
in both animals and humans. Endogenous adipose expression of TNF-α was observed
higher in obese humans in comparison with controls, having a positive correlation with
BMI (Hotamisligil et al., 1993; Hotamisligil et al., 1996; Rask-Madsen et al., 2003). In a
study by De Taeye et al. (2007), TNF-α-deficient (KO) mice maintained on a high-fat
diet were transplanted with either TNF-α-sufficient (TNF-α+/+) or TNF-α-deficient
(TNF-α-/-) bone marrow, and showed that KO TNF-α-/- mice exhibited increased insulin
sensitivity as well as decreased PPARγ mRNA levels. Recently, Huvers et al. (2007)
showed that patients with non-diabetic rheumatoid arthritis displayed improved insulin
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sensitivity in response to anti-TNF-α therapy. Moreover, TNF-α receptor (TNFR)immunoglobulin G (IgG) treated mice required substantially more glucose to maintain
normal glucose level, and the administration of TNF-α reversed the insulin effects on
glycemic levels (Hotamisligil et al., 1993; Ofei et al., 1996).
TNF-α levels were detected as higher in obesity, and TNF-α could act as a potent
activator of JNK which phosphorylates IRS-1 at serine residues, effectively inactivating
it. Together, TNF-α, the prime pro-inflammatory cytokine, has consistently been shown
to trigger insulin resistance both in vitro and in vivo (Hirosumi et al, 2002.).

1.3.5. IL-6
IL-6 is a multifunctional cytokine that plays numerous roles in addition to
controlling immune cell function, such as behaving as a hepatocyte-stimulating factor and
a growth factor for human myeloma and promoting the transition of hematopoietic stem
cells from the G0 to G1 phase (Kishimoto et al., 1992). The binding of IL-6 to its low
affinity receptor, IL-6 receptor-α (IL-6Rα), forms a high affinity hexameric complex with
two gp130 proteins to activate the JAK/Tyk tyrosine kinase and STAT pathways
(Boulanger et al., 2003). IL-6Rα is abundantly detected on the surface of certain cells
including macrophages, neutrophils, myocytes, and hepatocytes (Fried et al., 1998).
Results from studies examining the correlation between IL-6 and insulin
resistance have not been fully consistent. In a study by Senn et al. (2003), IL-6 was
shown to activate SOCS-1 and -3 proteins in the liver, thus accompanying insulin
resistance. However, Carey et al. (2006) reported that while IL-6 increased SOCS-3
expression in murine myotubes, glucose uptake was increased rather than decreased. It
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was shown that prolonged IL-6 exposure caused insulin resistance in both differentiating
and fully differentiated adipocytes accompanied by decreased expression of PPARγ.
Furthermore, the treatment of differentiating preadipocytes with IL-6 significantly
reduced both lipogenesis and glucose transport (Lagathu et al. 2003). Moreover, IL-6
could also downregulate the expression of adiponectin, the insulin signaling sensitizer as
described above, in 3T3-L1 adipocytes (Fasshauer et al., 2003). On the other hand, a
recent study by Matthews et al. (2010) showed that global deletion of IL-6 in mice
induced maturity-onset obesity, liver inflammation, and whole-body insulin resistance.
Data implicating IL-6 in obesity-associated insulin resistance may be explained
by its established function in inflammation and immunity, as obesity can be described as
systemic low-grade inflammation. In regard to mechanisms, IL-6 was shown to enhance
fatty acid oxidation in both healthy and type-2 DM humans, mice, L6 myotubes, and
3T3-L1 adipocytes via AMPK (Carey et al., 2006; Van Snick et al., 1988).

1.4. Potential Role of Mechanical Environment on Adipokine
Secretion and Insulin Sensitivity
Physical exercise has been suggested as a powerful tool not only to control body
weight but also to improve systemic insulin sensitivity. The anabolic control of insulin
signaling activity through dynamic physical exercise can be achieved through enhancing
glucose transport, regulating hepatic glucose output, and repairing lipid metabolism.
Studies have tested the effects of human exercise on the expression of adipokines (See
reviews Borghouts and Keizer, 2000; Gorgens et al., 2015). These include testing of both
moderate aerobic exercise and resistance training protocols incorporating cycling,
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running, and ramp exercises. These studies have reported that regular exercise training,
sometimes even after a single bout of exercise, may cause a reduction of proinflammatory adipokine expression while inducing insulin sensitivity supporting
adipokine secretion (Baturcam et al., 2014; Kondo et al., 2006; Polak et al., 2006). Obese
young women, after the exercise program, showed significantly increased level of
circulating adiponectin while displaying decreased circulating TNF-α (Kondo et al.,
2006). On the other hand, the level of leptin, another insulin sensitizing adipokine,
decreased after exercise. While it is not fully established, it may be hypothesized that
mechanical loading applied to the adipose tissue during exercise may play a role in the
exercise control of insulin sensitivity/resistance via affecting the level of insulin signaling
regulatory adipokine secretion.
Regardless of these investigations on the correlation between exercise and
adipokine secretion and circulation at the whole body level, surprisingly, there is very
little research focusing on the cellular level connection. Studies applying mechanical
stimulations, e.g., stretch, compression, and fluid shear, to adipocytes or their precursor
cells have only examined the effects of mechanical stimuli on their adipocytic
commitment and differentiation (Shoham and Gefen, 2012). Since the circulating
adipokine level is reported to be altered by whole body exercise as described above, the
functional activity of adipocytes to produce various adipokines is expected to be affected
by extracellular mechanical loading environments. Altered adipokine secretion, in both
repertoire and amount, by the adipocytes in response to external mechanical loading may
then play a role in affecting insulin sensitivity/resistance. Such a mechanism based on
what may be called ‘adipokine mechanobiology’ may provide a new and advanced
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insight into the adipokine control of insulin signaling.

1.4.1. Mechanotransduction in the Adipocyte
Cellular mechanotransduction is the translation of external mechanical stimuli
into cellular biochemical signals, and involves force-induced conformational and
functional changes in mechanosensitive proteins, membrane, cytoskeleton, cytosol, and
nucleus. Mechanotransduction plays an important role in the homeostasis and
regeneration of many cell types and tissues (see review Riehl et al., 2012). The
dysfunction of mechanotransduction pathways can often lead to various diseases and
even cancer (Jaalouk and Lammerding, 2009).
Cells sense the surrounding mechanical environment via mechanosensors, and in
turn respond to regulate cellular behavior and extracellular matrix (ECM) synthesis and
turnover. Some of these mechanosensors include ion channels, integrins, and G proteins.
Integrins are the principal mechanoreceptors connecting the ECM to internal cellular
structures, and is the most studied. Integrins bind to ECM components at specific protein
sequences, which leads to a clustering of integrins at the site of attachment at the plasma
membrane (Chen et al., 2004). Various structural proteins, such as vinculin, paxillin, aactinin, and talin, assemble to form focal adhesions (FA) which behave as an anchor for
the integrin to the actin cytoskeleton (Chen et al., 2004). Mechanical stress at FAs leads
to downstream signaling via focal adhesion kinase (FAK). The autophosphoryation of
FAK is necessary for activation of extracellular signal-regulated kinase (ERK) and rasrelated C3 botulinum toxin substrate (Ras), leading to a proliferative and migratory
response, respectively (Chen et al., 2004). The formation of FAs requires intracellular
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tension, which is largely created by the cytoskeletal structure. Consequently, cell shape
and spreading regulates proliferation through FA signaling, and research shows that this
occurs through Rho and its effector Rho kinase (ROCK). The formation of and signaling
through focal adhesion complexes have provided a link between mechanical forces and
cellular responses such as proliferation and migration.
Mechanotransduction research has generally centered on either “mechanicallyfunctional” cells such as muscle, bone, cartilage, epithelial cells, or multipotent stem cells
as a tool to achieve differentiation into these mechanosensitive cell types (Haasper et al.,
2008; Jaalouk and Lammerding, 2009; Riehl et al., 2012). The notion of
mechanotransduction has only recently been studied in adipocytes, but only centering on
lineage commitment and differentiation (See studies listed in Table 1-1). Under static
bodyweight load and weight-bearing, or from whole body movement/exercise, cells in
adipose tissue are physiologically exposed to compound external mechanical loads
including tension, compression, pressure, shearing, and their combinations. It would thus
be natural to presume that adipocyte function and fate would also be affected by external
mechanical loading similar to the instances of other known mechanically functional cells.
To introduce the key data of adipocytic mechanotransduction, studies
demonstrated that adipogenesis encounters an inhibitory effect from cyclic stretching
(CS). In studies by Tanabe et al. in 2004 and 2008, it was shown that CS downregulated
terminal adipogenesis of 3T3-L1 preadipocytes. Umbilical cord perivascular cells also
displayed suppressed adipogenesis when exposed to CS (Turner et al., 2008). For
mesenchymal stem cells (MSCs), it was demonstrated that CS may direct their fate by
enhancing osteogenesis at the expense of diminished adipogenesis (David et al., 2007). In
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a recent study by our group, bone morphogenetic protein 4 (BMP4) induction of MSC
adipocytic commitment and differentiation could be suppressed by CS and this was
observed to be mediated by ERK activation (Figure 1-4) but not through the
downregulation of BMP4 signaling through Smad or p38 cascade (Lee et al., 2012).
The molecular mechanism of the inhibition of adipogenesis by CS may be
implemented via the mechanosensitive upregulation in ERK, cyclooxygenase-2 (Cox-2),
TGFβ1/Smad, and β-catenin signaling (see David et al., 2007; Li et al., 2015; Sen et al.,
2008; Tanabe et al., 2004; Tanabe et al., 2008; Turner et al., 2008; Yang et al., 2012).
Table 1-1 summarizes relevant studies that have investigated the effect of stretch on
adipogenesis.

Figure 1-4. Bone morphogenetic protein 4 (BMP4)-induced lipid synthesis in murine MSCs during
adipogenic differentiation is impeded by cyclic stretching. The inhibitory effect of cyclic stretch on
adipocytic differentiation is reversed by the addition of ERK inhibitor, PD98059 (PD). Oil red O stained
images and lipid quantification by spectrophotometer. Comparison with BMP4 (#, ##) and BMP4 plus
stretch (ψ) shown at p < 0.05 (#, ψ) and p < 0.01 (##) (Lee et al., 2012).
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Author(s)

Year(s)

Cell type

Regimen

Outcome

Tanabe et al.

2004

3T3-L1
preadipocytes

30% (1 Hz), 15-45h

Stretch inhibited adipogenesis via MAPK/ERKmediated downregulation of PPARγ

2008

3T3-L1
preadipocytes

20% (1 Hz), 45h

Stretch enhanced EPA inhibition of adipogenesis
through COX-2

2008

Human umbilical
perivascular cells

10% (0.5 Hz), 24-60h

Stretch inhibited adipogenesis through TGFβ1/Smad
signaling

2008,
2009

C3H10T1/2
(mouse
pluripotent
MSCs); Bonemarrow derived
mouse MSCs

2% (0.17 Hz), 6h/day (4-5 days)

Stretch inhibited adipogenesis by preventing a
decrease in β-catenin levels during differentiation;
increased COX2 expression

2011

C3H10T1/2
(mouse
pluripotent MSCs)

<0.001% (90 Hz) [LIV] or 2% (0.17 Hz)
[HMS] 2x20 min/day (7 days)

Stretch inhibited adipogenesis only if rest period of at
least 1 h between 20 min bouts is included
LIV inhibited through downregulation of GSKβ3;
HMS inhibited though activation of β-catenin

Lee et al.

2012

C3H10T1/2
(mouse
pluripotent MSCs)

10% (0.25 Hz), 120min/day (4 days)

Yang et al.

2012

Rat Adipose stem
cells

2000 µε (1Hz), 2-6h

Stretch inhibited adipogenesis and stimulated
osteogenesis via ERK1/2 activation

Li et al.

2015

Bone-marrow
derived rat
MSCs

5% (0.17 Hz), 6 h/day (3-5 days)

Stretch inhibited adipogenesis by TGFβ1/Smad2
activation

Hara et al.

2011

3T3-L1
adipocytes

20% static, 72h

Static stretch increased adipogenesis/ lipid production
via Rho-ROCK activation

Turner et al.

Sen et al.

Stretch suppressed BMP4 induction of adipogenesis
through ERK
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Table 1-1. A summary of recent studies of stretch effect on adipocyte differentiation.
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1.4.2. Importance of Loading Parameters
Mechanical loading does not cause a singular outcome when applied onto cells.
Stretch parameters such as duration, repetition, magnitude, loading mode, and frequency
are known to greatly affect the cellular response. Under physiological conditions, tissues
are subjected to combinations of these parameters that are not constant with time. The
many variables and diverging cellular responses greatly complicate research in the field
of cellular mechanotransduction. Thus, experimental design is extremely important in
order to isolate parameters and attribute certain biochemical responses to their respective
mechanical cues. This way, the mechanical regimen can be optimized to achieve the
desired cellular response via non-pharmacological means.
Contrary to expectations, increased stretch magnitude or duration does not
necessarily correlate with an increased response. As with biochemical signals, cells can
reach a saturation level followed by a loss in mechanosensitivity to mechanical signals
(Burr et al., 2002). Furthermore, the addition of a refractory period can help the cells or
tissue recover its mechanosensitivity (Burr et al., 2002; Sen et al., 2011).
With regards to mechanical loading, we can characterize two main types that
tissues such as adipose experience: static and cyclic stretching, in either tensile or
compressive modes. Interestingly, numerous studies have shown that static stretching
(SS), i.e., elongation of the cells to a certain strain then keeping the strain for prolonged
time, often leads to a very different biochemical response compared to CS. For instance,
human pulmonary endothelial cells showed differential activation of Rho and Rac,
distribution of focal adhesion kinase (FAK), actin remodeling, and FAK phosphorylation
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(Shikata et al., 2005). Similarly, cardiac cells displayed contrasting extracellular
remodeling in response to SS compared to CS (Gupta and Grande-Allen, 2006).
3T3-L1 cells exposed to SS showed promoted adipogenesis rather than the
inhibited adipogenesis observed under CS. This was attributed to the upregulation of
RhoA and Rho-kinase (ROCK) signaling under SS (Hara et al., 2011; Levy et al., 2012).
The combined data may lead to an intriguing question on the role of CS vs. SS in adipose
mechanobiology, which may respectively function as an inhibitor vs. promoter of
adipocytic commitment and differentiation (Stoll et al., 2015). See Figure 1-5 for
potential mechanistic signaling pathways reported so far to govern the effects of CS vs.
SS on adipogenic differentiation (Shoham and Gefen, 2012).
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Figure 1-5. Potential mechanotransduction pathways involved in cellular adipogenesis. Static stretching
activates the Rho and Rho Kinase (ROCK) signaling pathway, leading to enhanced adipogenesis. Cyclic
stretching activates ERK, TGFβ1/Smad, and β-catenin pathways, leading to reduced adipogenesis (Shoham
and Gefen, 2012).
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1.5. Objectives
The purpose of this study is to investigate the role of mechanical loading in
regulating the insulin signaling of adipocytes. The first aim is to effectively differentiate
preadipocytes into the adipocytic phenotype, determined by morphology, lipid
production, and protein expression. The second aim is to examine the effects of
physiological stretch loading on the expression of key insulin signaling molecules in
adipose cells. Finally, we aim to propose a mechanism to describe the molecular link
between the applied stretch loading and any observed changes in downstream insulin
signaling for Type-2 DM.
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CHAPTER 2: MATERIALS AND METHODS
2.1. Cell Culture
We chose to study the in-vivo effect of cell stretch on mouse 3T3-L1 preadipocytes,
which are fibroblast-like undifferentiated cells that are susceptible to adipogenic lineage
commitment and differentiation when exposed to certain biochemical soluble factors. This
cell line is one of the most common models for the in vitro study of adipogenesis, while
differentiated 3T3-L1 cells are widely used to represent white adipose tissue.
3T3-L1 preadipocyte cells (ATCC, CL-173) were seeded onto collagen-coated
silicone membranes (Bioflex 6-well plate, Flexcell) at 70-80% confluency. While Flexcell
offers plates coated with amino, elastin, and pronectin as options, we chose collagen-coated
membranes seeing as collagen is the major component comprising adipose tissue ECM.
Such a coating enhances cellular attachment, proliferation, and provides a more accurate
in vitro model of the mechanical environment of adipose tissue.
The protocol for 3T3-L1 differentiation into the adipocytic lineage was established
by Student et al. (1980). Generally accepted as the standard differentiation protocol, 3T3L1 cells must be treated with a cocktail of soluble factors, which includes insulin,
dexamethasone (DEXA), and methylisobutylxanthine (IBMX).
Cells were maintained using growth medium (GM), consisting of high-glucose
Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), and 1%
penicillin-streptomycin. Two to three days after the cells have reached 100% confluence
(covering 100% of the surface area), adipogenesis was induced with adipogenic induction
medium (IM), consisting of 10 µg/ml insulin, 1 µM DEXA, and 0.5 mM IBMX. The start
of induction was defined as day 0. After 2-3 days, cells were fully committed to the
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adipocytic lineage and thus allowed to differentiate fully with adipogenic maintenance
medium (MM) (GM and 10 µg/ml insulin) until 90% or more differentiation was achieved
(Figure 2-1). Mature adipocytes are rounded in morphology and show lipid droplet
accumulation in the cytosol, which can be visualized under the microscope. To reach full
maturity, it can take between 7 and 14 days post-induction, depending on the condition of
the cell stock and passage number. For this study, only cells below passage 13 were used.

Figure 2-1. Shown in the figure is the differentiation timeline of 3T3-L1 preadipocytes into the mature
adipocyte phenotype over the course of at least 7 days. After reaching 2-3 days post-confluency,
differentiation was induced with the induction medium (IM) cocktail, and maintained in insulin-containing
maintenance media (MM) until at least 90% differentiation is achieved.

2.2. Mechanical Stretching
Fully differentiated 3T3-L1 adipocytes were subjected to stretch in order to
observe the mechanical control of insulin signaling. Cell stretching was generated by the
Flexcell® FX-5000 tension device, which is capable of computer-controlled, pressuredriven pulling of elastic membranes across a loading post (Flexcell® International
Corporation, 2011). The general set-up is shown in Figure 2-2. It must be noted that the
six-well plate stretching part of the Flexcell device was housed inside the incubator by
connecting the vacuum line from the pressure controller (placed outside of the incubator)
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to the six-well plate stretching part. Thus, cell stretching was performed at 37 °C and 5%
CO2, the same condition as with the unstretched control. A control sample was
maintained and differentiated using the exact same method, but not exposed to
mechanical stretch after complete differentiation into the adipocytic phenotype. All
results were compared to the unstretched samples.

Figure 2-2. Mechanical stretch was applied using the Flexcell® FX-5000 tension device, controlled by a
computer-valve system. The computer can dictate specific strain magnitudes and stretch waveforms. The
baseplate, loading posts, and six-well plates were kept inside an incubator (Flexcell® International
Corporation, 2011).

The system utilizes tubes and solenoid valves to create precise and controlled
pressure changes to cause static or cyclic mechanical stretch of the silicon membrane
over stationary cylindrical loading posts, and thus stretching the attached cells (Figure 23). Depending on the loading post shape and the chosen culture plate, either uniaxial or
equibiaxial strain can be delivered to the cells. Without a loading post, a gradient biaxial
strain can also be created. For this study, adipocytes were exposed to equibiaxial strain
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(equal strain in both directions) seeing as adipose tissue in the body is unlikely
experience direction-dependent loading.
A

B

Figure 2-3. (A) In the Flexcell system, a six-well culture plate is placed on a stationary baseplate with
loading posts (B) Cells were cultured on collagen-coated silicone membranes, and equibiaxial stretching of
the membrane is caused a vacuum created between the membrane and the loading post, and controlled by
pressure changes.
The Flexcell system is also capable of creating different stretch waveforms
including sinusoidal, triangular, square, heart simulation, and customized waves.
Depending on the experiment and tissue being studied, a specific waveform can be
chosen. For instance, blood vessels in the body experience cyclic stretch due to blood
being pumped by the heart. If the effect of stretch on vascular endothelial cell behavior is
to be studied, the heart simulation waveform may be chosen to mimic the pattern of
stretch caused by heart-pumped blood flow. To study the basic effect of stretch on
adipocytes, the sinusoidal waveform was chosen as it will allow for the simple but natural
stretch and relaxation of the cells.
We applied sinusoidal cyclic equibiaxial stretching at various strain percentages
(1%, 5%, and 10%) at 1 Hz to the fully differentiated adipocytes for 2 hours. Adipose
tissue experiences a wide range of strain magnitudes in the body, peaking at 30-45%
(Shoham and Gofan, 2012). For the main portion of the study, we applied 5% strain, as it
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is a moderate strain percentage that will allow us to perform the proof-of-concept test.
Figure 2-4 shows the plot of time vs. percent elongation for the 5%, 1 Hz loading
parameters as shown on the computer screen while the stretching regimen is being
applied.

Figure 2-4. A sample screen-capture of the ‘% Elongation’ vs. ‘Time’ plot for the 5% strain, 1 Hz
loading parameters.

2.3. Oil Red O Staining and Imaging
One of the first observable signs of adipocytic differentiation is the accumulation
of lipid droplets. As the visualization of individual droplets and the total quantification of
total lipid production is very difficult, or impossible, to accomplish by just looking
though an optical microscope, the adipocyte cultures were stained with oil red O. Oil red
O is a fat-soluble red dye widely used to visualize adipose cells and adipose tissues by

!

27!
staining lipids and triglycerides. On day 0 and day 7 post-induction, cells were stained
with oil red O and lipid accumulation was observed and analyzed. For this analysis, cells
were first fixed with formalin to effectively stop all cellular processes and allow for all
proteins to precipitate in situ. Cells were then stained with a working solution of 3 parts
oil red O stock solution (0.3% w/v oil Red O in isopropynol) and 2 parts deionized water
for 50 minutes. After thoroughly rinsing with water, the samples were imaged with an
optical microscope. Stained oil red O was extracted with isopropanol and quantified
using a BioTek spectrophotometer at 490 nm.

2.4. Western Blotting
Expression and phosphorylation of molecules important in the insulin signaling
pathway (Akt, AMPK, IRS-1, GLUT4) were measured. Following the stretching regimen,
protein samples were collected using RIPA lysis and extraction buffer containing protease
and phosphatase inhibitors. Supernatant was collected after centrifugation for 20 min at
13,000 min-1. After fractionation by electrophoresis, proteins were transferred from 10%
SDS gel to polyvinylidene difluoride film. After blocking with 5% w/v skim milk solution
in TBST (10mM Tris, 150mM NaCl, 0.05% v/v Tween 20), blots were exposed to
antibodies specific to fatty acid synthase (FAS) (Santa Cruz Biotechnology, sc-20140),
C/EBPα (Santa Cruz Biotechnology, sc-61), Akt (R&D, MAB2055), pAkt (pS473) (R&D,
AF887), IRS-1 (abcam, 5603), AMPKα (cell signaling, 2532), pAMPKα (pThr172) (cell
signaling, 2531), and GLUT4 (Sigma-Aldrich, G4173). GAPDH (abcam, 8245) was used
as a loading control. Blots were washed 3 times with TBST, exposed to rabbit or mouse
secondary antibody, and then washed another 3 times. Immunoreactive bands were
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visualized using enhanced chemiluminescence detection. Films with exposed bands were
scanned and imported into the ImageJ program. Each band’s intensity and area were
quantified and compared. Results were first normalized to GAPDH and then normalized to
control samples.

2.5. Statistics
Three assays for each condition were performed. Statistics were calculated using
Microsoft Excel one-way analysis of variance (ANOVA) with post-hoc tests. All data
represented in figures (also created in Microsoft Excel) are means ± SEM. Comparison
with controls are represented as *p<0.1, **p<0.05, and ***p<0.01.
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CHAPTER 3: RESULTS AND DISCUSSION
Only recently understood to be mechanically responsive, adipose tissue and its
behavior in response to mechanical loading has not been thoroughly investigated.
Adipose mechanosensitivity may provide a mechanistic link between the insulin
sensitizing effect that physical exercise has been shown to have. Thus, determining if and
what effect mechanical loading has on adipocytic insulin signaling will fill an important
gap in knowledge in the field of molecular and therapeutic diabetes research, and may
provide alternative targets for Type-2 DM treatment.

3.1. Lipid Production and Adipogenic Gene Expression
To ensure that the cells have completely differentiated into the adipocytic
phenotype, lipid production and adipogenic gene expression were analyzed. 3T3-L1 cells
were differentiated until at least 90% differentiation was achieved, as observed with oil
red O staining. As mentioned previously, oil red O is fat-soluble red dye that stains lipid
droplets and triglycerides. As Figure 3-1 shows, day 7 post-induction adipocytes show a
rounded phenotype and large lipid accumulations while day 0 preadipocytes show
extended, fibroblast-like morphology.
Lipid production, measured by the extraction of oil red O and absorbance
quantification using a spectrophotometer, was significantly increased in the fully
differentiated adipocytes on day 7 post-induction as compared to preadipocytes on day 0
prior to differentiation induction (p<0.05) (Figure 3-2). Expression of key adipogenic
genes on day 0 and day 7 were quantified and compared using western blotting.
CCAAT/enhancer-binding protein alpha (C/EBPα) is expressed earlier during
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differentiation, and is key for terminal adipogenic differentiation. As shown in Figure 33, C/EBPα expression was greatly increased, by a factor of 4.297 ± 1.104 (p<0.05), in
day 7 adipocytes compared to day 0 preadipocytes. Similarly, the terminal adipogenic
gene, fatty acid synthase (FAS) showed an increase of expression by a factor of 3.965 ±
0.5540 (p<0.01) in day 7 adipocytes (Figure 3-4).
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Day!0

Day!7
Figure 3-1. Cells were stained with oil red O staining and lipid production was visualized under an
optical microscope. Representative images show that Day 7 adipocytes (bottom) show increased lipid
production in comparison to Day 0 preadipocytes (top).
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Figure 3-2. Staining was quantified for both Day 0 and Day 7 samples by extracting Oil red O staining,
and shown to be significantly greater in Day 7 adipocytes (p=0.0134). Comparison with Day 0 control is
shown at **p<0.05.

Day*0

Day*7

**

6

C/EBPα

GAPDH

C/EBPα

5
4
3
2
1
0
Day$0

Day$7

Figure 3-3. Representative blot for C/EBPα expression (left), and the quantification of the western blot
intensities of C/EBPα (right). C/EBPα expression is enhanced by a factor of 4.297±1.1038 (p=0.0405).
Results are normalized to GAPDH and then displayed as relative to Day 0 expression. Comparison with
Day 0 control is shown at **p<0.05.
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Figure 3-4. Representative blot for FAS expression (left), and the quantification of the western blot
intensities of FAS (right). FAS expression is enhanced by a factor of 3.965±0.5440 (p=0.0055). Results are
normalized to GAPDH and then displayed as relative to Day 0 expression. Comparison with Day 0 control
is shown at ***p<0.01.

3.2. Effect of Stretch on Akt Expression and Phosphorylation
Akt, also known as PKB, is a serine/threonine-specific protein kinase that plays a
key role in insulin signaling and glucose homeostasis. After the binding of insulin to IR, a
phosphorylation cascade is initiated, resulting in gene expression, vesicle transport, and
changes in cellular metabolism.
Protein phosphorylation is a type of post-translational modification in which a
protein’s amino acid residue is phosphorylated by protein kinases. Such modifications
lead to conformational changes in the protein, leading to either activation or deactivation
of the protein’s functional activity. Whether a protein is activated or deactivated by
phosphorylation depends on the type of protein, as well as which specific residues are
phosphorylated. Protein kinase-mediated phosphorylation can be reversed by
phosphatases, and thus the cellular regulation of kinase and phosphatase recruitment and
behavior is critical in allowing cells to fine-tune cellular activities.
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As mentioned previously, PI3K, after stimulation by IRS-1, catalyzes the
formation of PIP3, which then recruits AKT to the plasma membrane by binding to its
PH domain. Akt can then be phosphorylated on two sites, threonine-308 (Thr308) and
serine-473 (Ser473), and the phosphorylation of both sites is required for complete
activation (Mackenzie and Elliott, 2014; Olson, 2014). After activation, Akt is
translocated from the plasma membrane to the cytosol and nucleus where
phosphorylation of many downstream targets can occur, some of which are involved in
GLUT4 translocation, cell growth, proliferation, and glycogen metabolism (Mackenzie
and Elliott, 2014).
To investigate the potential role mechanical stretch has on insulin signaling,
expression and phosphorylation of Akt (Ser473) was determined. Differentiated 3T3-L1
cells were exposed to 5% equibiaxial strain at a frequency of 1 Hz for 2 hours, and
relative pAkt expression was evaluated (Figure 3-5). Stretch led to a statistically
significant increase in pAkt expression by a factor of 3.325 ± 0.3869 (p<0.01). Total Akt
expression under the same conditions was determined to be also significantly increased
by a factor of 2.864 ± 0.4643 (p<0.05) (Figure 3-6). The proportion of total Akt that is
phosphorylated remains unchanged by stretch, as shown in Figure 3-7. Thus, mechanical
stretch under these parameters leads to an increase in total Akt, as well as an increase in
Akt activation.
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Figure 3-5. Representative blot for pAkt expression (left), and the quantification of the western blot
intensities of pAkt (right). pAkt expression in stretched adipocytes was increased significantly by a factor
of 3.325 ± 0.3869 (p=0.003862). Results are normalized to GAPDH and then displayed as relative to the
unstretched control. Comparison with control is shown at ***p<0.01.
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Figure 3-6. Representative blot for total Akt expression (left), and the quantification of the western blot
intensities of Akt (right). Akt expression in stretched adipocytes was increased significantly by a factor of
2.864 ± 0.4643 (p=0.0159). Results are normalized to GAPDH and then displayed as relative to the
unstretched control. Comparison with control is shown at **p<0.05.
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Figure 3-7. Ratio of phosphorylated Akt (pAkt) to total Akt remains unchanged by stretch. Results are
normalized to GAPDH and then displayed as relative to the unstretched control.

3.3. Effect of Strain Percentage on Akt Phosphorylation
Exposing tissues to stretching conditions within a physiological range has been
shown to positively influence ECM production in fibroblasts, stem cells, skeletal muscle,
and tendons (Kjaer, 2004; Sun et al., 2016). In a recent study comparing various strain
percentages and frequencies on MSC and fibroblast proliferation and collagen synthesis,
optimal parameters strongly depended on the cell type (Sun et al., 2016). Literature
concurs with the concept that lower tensile strains lead to MSC osteogenesis, while
higher strains lead to myogenesis. On the other hand, Levy et al. (2012) showed that low
tensile strains (up to 3%) did not affect adipogenesis, while higher strains (6-12%)
substantially increased the adipose conversion rate.
Although studies have investigated the importance of stretch parameters on
MSC lineage commitment and differentiation, very few have looked at the role of stretch
parameters on mature adipocytes. It is important, while studying adipocyte
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mechanoresponsiveness, to determine the range or threshold of stretch parameters that
cause the observed response. To gain insight into whether the stretch-induced increase in
Akt phosphorylation is strain magnitude-dependent, we briefly tested expression levels of
pAkt under 1%, 5%, and 10% strain levels. Frequency and stretch duration were held
constant at 1 Hz and 2 hours, respectively. It appeared that Akt phosphorylation shows an
increasing trend with strain magnitude (Figure 3-8). These results may suggest that Akt
phosphorylation could be strain dependent, and a strain above a certain level would be
required in order to see a significant signaling response to stretch in adipocytes. On the
other hand, more sample numbers should be acquired and strains of greater than 10% can
be also assessed in order to make a more conclusive remark and establish a clear strainresponse correlation.

C

1%

5%

10%

pAKT

GAPDH
Figure 3-8. Representative blot for pAkt expression at various strain percentages. There may exist an
increasing trend in Akt phosphorylation with increasing strain percentage.

3.4. Effect of Stretch on IRS-1 and GLUT4 Expression
Activation of the insulin signaling pathway upstream and downstream of Akt was
investigated. Insulin binding to IR leads to autophosphorylation of tyrosine residues,
which serve as a docking site for the IRS proteins. Once docked, the β-subunit of IR
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phosphorylates IRS, which then recruits PI3K to the plasma membrane where it is able to
act on lipid substrates, specifically PIP2. The effect of mechanical stretch on total IRS-1
was determined. As shown in Figure 3-9, total IRS-1 expression remained statistically
unchanged in response to mechanical stretch at 5%. However, compared to the
unstretched control, there is an increasing trend caused by stretch, changing by a fold of
2.991 ± 0.9241. The lack of statistical change in total IRS-1 but the increase in AKT
shown before suggests that the insulin signaling pathway under stretch might be actuated
downstream of IRS-1.
Akt activation is vital for GLUT4 translocation from transport vesicles to the
plasma membrane. Activation of Akt enzyme activity relies on the phosphorylation of
two sites, a threonine 308 and a serine 473. Diminished glucose uptake in insulinresistant states is not a direct consequence of depleted GLUT4 levels, but instead
impeded GLUT4 transport (Olson, 2012). Our results indicate that GLUT4 expression
remains unchanged due to stretch (Figure 3-10), expressed at a level of 0.7884 ± 0.1925
relative to the control. The lack of significant change nonetheless supports the concept
that the insulin pathway is activated; while GLUT4 expression did not change, GLUT4
transport to the membrane would be likely increased. Further assessment of GLUT4
vesicle transport and channel transport is necessary.
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Figure 3-9. Representative blot for total IRS-1 expression (top), and the quantification of the western
blot intensities of IRS-1 (bottom). IRS-1 expression in stretched adipocytes shows an increasing trend but
is not at a significant level, expressed at a level of 2.991 ± 0.9241 (p=0.2270) relative to control. Results
are normalized to GAPDH and then displayed as relative to the unstretched control.
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Figure 3-10. Representative blot for total GLUT4 expression (top), and the quantification of the western
blot intensities of GLUT4 (bottom). GLUT4 expression in stretched adipocytes remained unchanged,
expressed at a level of 0.7884 ± 0.1925 (p=0.3334) relative to control. Results are normalized to GAPDH
and then displayed as relative to the unstretched control.
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3.5. Effect of Stretch on AMPK Expression and Phosphorylation
As data acquired until this point indicate that the insulin pathway is stimulated at
Akt, potential intersecting signaling pathways were considered. Of greatest interest was
AMPK, which is a known activator of Akt and an insulin sensitizer. AMPK is understood
to increase GLUT4 translocation independently of insulin (Mackenzie and Elliott, 2014).
Interestingly, results show that total and phosphorylated AMPK (pAMPK, Thr172)
expression levels were increased by mechanical stretch, but only pAMPK levels
significantly (Figures 3-11 and 3-12). Stretch led to an increase in pAMPK and total
AMPK expression by a factor of 2.918 ± 0.7647 (p<0.1) and 2.674 ± 1.409, respectively.
Relative AMPK phosphorylation showed an increasing trend but remained unchanged
due to stretch (Figure 3-13).
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Figure 3-11. Representative blot for pAMPK expression (left), and the quantification of the western blot
intensities of pAMPK (right). Stretch led to an increase in expression by a factor of 2.918 ± 0.7647
(p=0.06617) relative to control. Results are normalized to GAPDH and then displayed as relative to the
unstretched control. Comparison with control is shown at *p<0.1.
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Figure 3-12. Representative blot for total AMPK expression (left), and the quantification of the western
blot intensities of AMPK (right). Stretch led to an increase in expression by a factor of 2.674 ± 1.409
(p=0.3004) relative to control. Results are normalized to GAPDH and then displayed as relative to the
unstretched control.
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Figure 3-13. Ratio of phosphorylated AMPK (pAMPK) to total AMPK shows an increasing
trend but remains statistically unchanged by stretch. Results are normalized to GAPDH and then displayed
as relative to the unstretched control.
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AMPK has been shown to play an important role in adipokine signaling. Leptin,
adiponectin, and resistin all actuate their sensitizing or desensitizing effects via AMPK,
thus making adipokines likely upstream candidates for stretch-induced Akt upregulation
and phosphorylation.
Several of the adipokines discussed in the Introduction act through AMPK, by
either activating or deactivating it. Adiponectin is widely recognized as positively
associated with insulin sensitivity, acting via AMPK activation The insulin-sensitizing
effect of thiazolidinedione (TZD), one of the anti-diabetic agents that promotes glucose
homeostasis without increasing insulin release, was diminished in diabetic obese mice by
a targeted mutation in the adiponectin gene, thus indicating that adiponectin may play a
vital role in peroxisome proliferator-activated receptor γ (PPARγ)-mediated insulin
sensitization (Berg et al., 2001; Hardie et al., 1998). Ligand-activated PPARγ
heterodimerizes with the retinoid X receptor and regulates transcription of proteins, like
SREBP-1, by binding to specific PPARγ-responsive elements within the promoters of
target genes via regulatory mechanisms that involve AMPK. This process is thought to
eventually result in increased fatty acid oxidation, which may in turn divert the flux of
free fatty acids from the muscle and liver to the adipose tissue (Hardie et al., 1998;
Nawrocki et al., 2006). Leptin, in addition to a wide range of metabolic effects, also
stimulates fatty acid oxidation via AMPK activation which leads to the inhibition of
acetyl coenzyme A carboxylase (ACC) (Minokoshi et al., 2002). In Muse et al. (2004),
resistin was found to adjust flux through G6Pase by regulating AMPK phosphorylation in
the liver, indicating a possible overlap in the mechanism of hormones such as adiponectin
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and leptin (described above). In this study, resistin was shown to cause a decrease in
AMPK phosphorylation, and thus the rate of gluconeogenesis, in mice. Moreover, Zhou
et al. (2007) reported significant decreases in the phosphorylation of Akt and GSK3, key
effectors of the insulin signaling pathway, in human liver cells that were induced with
resistin in a dose-dependent manner.
Our data indicate an increase in AMPK phosphorylation under mechanical
stretch, implying the involvement of adipokines. We propose a potential mechanism by
which cyclic mechanical stretch regulates insulin sensitivity via adipokine-mediated Akt
and AMPK activation (Figure 3-14). Cyclic stretch induces the secretion of insulinsensitizing adipokines such as leptin or adiponectin, which in turn activate Akt and
AMPK intermediates of the insulin signaling cascade. This, in turn, leads to downstream
inhibition of lipogenesis, increased fatty acid oxidation, and GLUT4 translocation to the
plasma membrane. This model provides a new mechanism for understanding the
mechanical control of adipocytic insulin signaling, and may provide insight into new
therapeutic targets to treat metabolic disorders such as Type 2-DM.
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Figure 3-14. A proposed mechanism by which cyclic stretch regulates insulin signaling in adipocytes.
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CHAPTER 4: CONCLUSIONS AND NEXT
STEPS
In this study, we further supported the concept that adipocytes are
mechanosensitive by showing that mechanical stretch loading of adipocytes regulates
their insulin signaling. Equibiaxial cyclic stretch loading increased total Akt and pAkt
levels, indicating that stretch, via some mechanism, activates the insulin signaling
pathway. This effect appeared to have a strain level dependence. Interestingly, pAMPK
expression was also increased, providing a potential intersecting pathway activated by
stretch. Considering that adipocyte-secreted hormones, or adipokines, like adiponectin
and leptin regulate lipid and glucose metabolism via AMPK, we suggested that the
mechanism by which cyclic mechanical stretch activates the insulin signaling pathway is
by increasing the secretion of insulin-sensitizing adipokines which activate Akt via
AMPK, thus improving overall tissue insulin sensitivity and insulin-stimulated glucose
uptake.
Obtained data will form a solid basis for a future study on adipocyte
mechanobiology and insulin signaling for Type-2 DM. The future study can be dedicated
to test more stretch regimens to fully investigate the physiological loading parameters
relevant to the adipose tissue. The strain dependency of Akt phosphorylation should be
tested with more experiments. Also, optimizing load duration and frequency, in addition
to determining the effect of the incorporation of a refractory period, may help identify
conditions to ensure the maximum biological response due to the applied mechanical
regimen. Furthermore, the effect of static tensile stretch on insulin signaling can be
investigated; it is hypothesized that, based on previous research, static stretch may have
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an opposite biological effect to that caused by cyclic stretch. The expression of additional
genes should be evaluated, particularly those downstream of Akt involved in lipid and
glucose metabolism. The effect of stretch on GLUT4 translocation to the plasma
membrane can also be established. Finally, the effect of stretch on adipokine secretion,
specifically those discussed previously that are known to regulate insulin sensitivity (such
as adiponectin and leptin), can be determined to reveal the missing link between
adipocyte mechanobiology and insulin signaling for Type-2 DM. If stretch does indeed
affect the secretion of adipokines, adipocyte-conditioned medium (stretch vs. no stretch)
can be obtained and given to insulin-responsive cells or tissues such as muscle to test
paracrine signaling effects. If stretch-conditioned media from adipocytes improve the
insulin sensitivity and glucose uptake of the treated tissue, then it can be concluded that
stretch, via altering adipokines secretion from adipose tissue, may improve the insulin
sensitivity of local (within adipose) and peripheral tissues and even other tissues though
an endocrine effect.
Understanding the exact molecular mechanosensing mechanism by which stretch
induces its effect on this pathway, whether it is through ROCK or FAK, can provide
immense knowledge in the growing field of adipocyte mechanotransduction.
Pharmacological or genetic knockout or overexpression of such mechanosensors or their
associated factors can be performed, and whether or not the biological effect of stretch is
mitigated or further stimulated will provide new mechanistic information on stretchmediated activation of insulin signaling. With this information, new molecular targets can
be discovered and new therapies can be developed to help treat obesity-related metabolic
disorders like Type-2 DM.
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